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FOREWORD 

This report covers research performed on the AFML light-gas 
gun facility.   Part of the reporting effort was pursued by AFML 
personnel and the remainder was conducted by the University of Dayton 
Research Institute, Dayton, Ohio under Air Force Contract 
F33615-68-C-1138, Project 7360, Chemistry and Physics of Materials, 
Task 736006, Hypervelocity Impact Studies.   Experimental work 
covered in this report was completed during July 1968.    The portion 
of the research performed by the University of Dayton Research Institute 
was administered by Mr. Alan K. Hopkins,  Project Engineer, AFML. 

The authors gratefully acknowledge the support of the facility 
operations group under the direction of Mr. Lewis Shiverdecker. 

The manuscript was released by the authors in August 1968 for 
publication with a University of Dayton report number UDRI-TR-68-30. 

This technical report has been reviewed and is approved. 

HERBERT M. ROSENBERG^ 
Chief, Exploratory Studies Branch 
Materials Physics Division 
Air Force Materials Laboratory 
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ABSTRACT 

An experimental study has been conducted to evaluate the 
importance of bumper materials selection upon the performance of 
two-component hypervelocity impact bumper shields.    Several 
bumper materials were found that were equally effective on a mass 
per unit area basis.   Bumper material effectiveness dropped 
rapidly with bumper material density when this density was below 
2 gm/cc.   Optimum bumper thicknesses exist for minimizing total 
shield weight for all bumper materials investigated.    All of the 
data obtained in this study can be explained by an analysis of the 
states of the impacting pellet and bumper material within the debris 
cloud projected behind impacted bumpers.    The most important 
parameter controlling shield operation is the state of the pellet 
material in the debris cloud. 
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THE EFFECTS OF BUMPER MATERIAL PROPERTIES 

ON THE OPERATION OF SPACED 

HYPERVELOCITY PARTICLE SHIELDS 

I.    INTRODUCTION 

Large space vehicles committed to long duration missions are 
subject to potentially disastrous encounters with meteoroids.    Protection 
against this hazard must be provided to assure adequate mission 
reliability. 

The "bumper shield" concept originally proposed by Whipple"' 
remains, after considerable evaluation,  the most promising technique 
for providing the required protection against particle impacts.    The 
protected component (such as the vehicle hull) is shielded from direct 
impacts by interposing a relatively thin continuous sheet of material 
(bumper) some distance in front of the protected component to intercept 
incoming particles.    Incoming particles impact the bumper and are 
disintegrated,  and the protected component must withstand encounters 
with relatively diffuse debris clouds from the bumper-par tide impacts. 
The resultant reduction of spacial impact intensity on the protected 
component allows it to be lightened enough to more than offset the weight 
of the bumper without sacrificing overall impact resistance.    Equivalent 
impact resistance has been demonstrated for bumpered structures 
weighing as little as 20% of corresponding single plate shield««'^ 

Many studies of both general bumper shield structures and 
specific structures proposed for particular vehicles have been carried 
our   '   '   '.    In all cases,  the impact velocities used for the studies are 
sigr^ticantly below those anticipated for encounters with macroparticles 
in space.    The required velocity extrapolations between laboratory tests 
and space environment are hazardous unless the phenomena controlling 
particle shield operation are well understood.    This report covers one 
phase of an AFML effort to evaluate bumpered particle shield effective- 
ness and the phenomena controlling shield operation,    The effects of 
bumper materials properties on overall shield effectiveness have been 
investigated.    The results from this study help to delineate the require- 
ments for bumper materials and configurations needed to optimize shield 
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effectiveness and can be used to elucidate some processes controlling the 
operation of bumpered shields. 

II. BACKGROUND 

The following qualitative description of impacts between hyper- 
velocity pellets and thin plates has been widely accepted by workers in the 
hypervelocity impact field.    Upon impact,  strong compressive shock 
waves propagate forward and outward into the plate and rearward into the 
oncoming pellet.    These waves are attenuated by pressure release waves 
that propagate inward from all free surfaces encountered by the com- 
pressive waves.    The compressive and release waves establish a 
material flow field that controls the ultimate disposition of both the 
pellet and plate material.    The bulk of this material is projected behind 
the plate in an expanding bubble while almost all the remainder is 
projected in front of the plate along a conical surface centered around the 
original pellet trajectory.    A small amount of impulse that is trapped in 
the plate projects laterally outward from the impact point and is respon- 
sible for forming the final hole in the plate. 

The direction,  speed,  spacial density,  and physical state of the 
material projected behind the plate are determining factors in establish- 
ing the damage potential of debris clouds.    Two approaches are currently 
available to vehicle designers to predict this damage potential.   Rolsten, 
et al.'  ' noted that, over a wide range of material properties,  equal 
bumper areal densities produced debris clouds with approximately equal 
damage potential (i. e. thick bumpers of low density material behave in 
a similar manner to proportionately thinner bumpers made from higher 
density material).    Rolsten examined m- 'erials whose densities ranged 
from magnesium-lithium alloy (p = 1. 3b gm/cc) to steel (p = 7.8 gm/cc). 
This concept was later verified by using gold bumpers (p = 19. 24 gm/cc)'   '. 
Riney and Heyda came to a similar conclusions from a purely theoretical 
study of impacts between aluminum cylinders and thin plates at 
15 km/sec'   '.    They computed the ratio between the debris cloud impulse 
directed along the original pellet trajectory and the outward directed 
impulse perpendicular to the pellet trajectory for several bumpers 
subjected to identical hypervelocity impacts.    These ratios correlated 
with the total areal density of the bumper configurations only.    Riney 
and Heyda reasoned that these impulse ratios determined the effective- 
ness of bumpers for diffusing the pellet impulse and, hence,  the overall 
bumper effectiveness. 

It is of interest to note that total mass of debris clouds falls 
monotonically with increasing density of bumper material when equal 
bumper areal densities are maintained.    Several investigators have noted 
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that the hole diameters in thin plates impacted by hyper velocity pellets 
decrease rapidly with decreasing plate thickness*  *   '^'.   For example, 
Maiden and McMillan developed the following empirical expression for 
determining hole diameters that predicts a 2/3 power relationship 
between plate thickness and hole diameter. 

do ->-<m 2/3 
+ .9 (1) 

D = hole diameter 

d = projectile diameter 

t = plate thickness 

v *= pellet velocity 

c =  sound speed in the plate 

Carson and Swift disagree with the above expression in detail but agree 
with the general trends'™. 

Systematic decreases in hole diameters lead to similar decreases 
in the material available to the debris cloud since:   the cloud is made 
up of the pellet material plus material removed from the bumpei; and 
the available bumper material is a function of hole diameter only.    Thus, 
debris clouds generated behind high-density bumpers contain less 
material and yet are equally destructive.    For this to be so,  some 
mechanism must be operating to counteract the effects of changes in total 
debris cloud mass with changes in bumper density. 

Maiden and McMillan reported significant,differences in bumper 
effectiveness that were correlated with the fusion and sublimation 
energies of the pellet and bumper materials^).    They follow an earlier 
argument presented by Bjork, et al.**"' that the primary compressive 
waves generated by a hypervelocity impact are sufficiently intense to 
significantly increase the entropy of the material through which they 
propagate.    The unloading waves that return the material to zero 
pressure are nearly isentropic regardless of their pressure span.    Thus, 
entropy is trapped in materials subjected to intense shock compression. 
The trapped entropy appears as internal energy of materials after they 
have returned to zero pressure.   If the increase in internal energy is 
greater than that required to heat the material to the melting point plus 
the material fusion energy the material returns to zero pressure in the 
liquid state.    The material returns to zero pressure as vapor if the 
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internal energy increase exceeds the material sublimation energy. 
Maiden and McMillan discovered that impact debris clouds of solid 
partirles are considerably more destructive than those made up from 
liquid droplets and that both are more destructive than gaseous debris 
tiorids'3'.   Thus, the thermodynamic properties of pellet and bumper 
materials strongly affect the operation of bumper particle shields. ' 
These results have been verified by Zwarts'4' and Carey*^).   Thicline 
Of argument leads to the prediction that bumpers with equal areal   I 
densities will not be equally effective if they create debris clouds wfcooe 
materials are in different physical states.   Thus, the two approaches? 
to determining bumper effectiveness appear to contradict each other at 
least in this regard. 

;•*? 

The ranges of applicability of these two approaches for predicting 
bumper shield effectiveness (i. e. constant-areal density rule or thermo- 
dynamic, considerations) and their apparent contradictions must be 
resolved before reliable space vehicle shields can be designed.   Current 
laboratory accelerators can achieve pellet velocities required for 
generating either solid or liquid debris clouds when realistic pellet' 
and bumper structural materials are tested but cannot generate vaporous 
clouds with these materials.   Vaporous clouds can be generated with 
laboratory accelerators by employing low sublimation-energy materials 
such as plastics, cadmium, tin, lead, etc. for the pellets and bumpers. 
To date, the tests carried out to investigate debris cloud phase variation 
have employed only identical pellet and plate materials'  ' V     '.    Thus, 
no experimental data capable of separating the independent\effects of, 
melting or vaporizing the pellets and the bumpers were available prior 
to this study. 

in.    EXPERIMENTAL DESIGN AND RESULTS 

y 

The overall purpose of the experimental sequence for this study 
was to compare the relative effectiveness of bumpers made from a wide 
variety of materials.    This effectiveness was established by deter- 
mining the thickness of 6061-T6 aluminum plates required to just 
prevent perforations by debris clouds when placed 5. 08 cm behind 
impacted bumpers.   All other impact and target parameters were held 
relatively constant.   The resistance limit of th«s rear plate (ballistic 
limit) was defined for this study as the minimum plate thickness that 
would maintain a gas seal after impact.   This rear plate thickness is 
considered a quantitative measure of the relative destructive potential 
the debris clouds generated for this study. 

•4- 
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Constant Bumper Areal Density Study 

One series of firings was carried out to determine the accuracy 
and range of validity of the constant-areal-density rule.    The relative 
effectiveness of 16 bumper materials where all bumpers had near 
identical areal densities was determined.    The bumper thicknesses were 
adjusted to achieve a predetermined bumper mass per unit of presented 
area (i. e. bumpers made from low density materials were propor- 
tionately thicker than higher density ones).    The areal density chosen 
for this series was that of optimum-thickness 6061-T6 aluminum 
bumpers established during a previous studyV^).    The other firing para- 
meters are presented in Table I.    Note that pellet velocities varied over 
an extended range.    Earlier studies showed (and this study has verified) 
that rear plate ballistic limit thicknesses are highly insensitive to 
pellet velocities in the velocity regime used for these experiments.    No 
anomalous results caused by pellet velocity variations within the range 
of this investigation were detected during either this study of other 
similar ones conducted earlier at AFMlS '. 

TABLE I 

Parameters of the Bumper Areal Density Experiment 

Pellet 

3. 18 mm dia 2017 mass = A5. 9 to 47. 1 milligrams 
aluminum spheres        velocity = 6. 2 to 7. 4 km/sec 

Rear Plate 

6061-T6 aluminum 
rolled plate 

thickness = variable 

Bumper 

material = variable 
material density = 0. 84-16. 64 gm/cc 
areal density = .210-. 249 gm/cm^ 

Bumper-Target Spacing =  5. 08 cm i 
:.■■■& 

The results from these experiments are presented in Table II 
and Figure 1.    A complete listing of data from all the firings used to 
generate these data is presented in Appendix I.    The double values 
presented in the "Target" and "Total" columns of Table II represent 
the ballistic limit resolution achieved for each case considered.    The 
plot of rear plate thickness and areal density vs. bumper material 
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Figure 1.    Data Plot for Constant Bumper Areal Density Study 
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density presented in Figure 1 illustrates that several bumper materials 
whope material density is greater than 2 gm/cc adhere to the constant- 
areal-density rule but that there are many exceptions.    Figure 2 
presents photographs of the plates mounted behind bumpers that follow 
Ute constant-areal-density rule.    Data from some bumper materials 
fall below the constant-areal-density line (Cd,  Pb) [see Figure 3]  and 
some fall above it (Ni,  Ta)   [see Figure 4].    The most striking feature 
of Figure 1 is the extreme excursion from the constant-areal-density 
line that occurs when bumpers whose material density is below 2 gm/cc 
were examined.   Photographs of the rear plates mounted behind these 
bumpers are presented in Figure 5.   A rapidly rising linear function 
appears to fit the rear plate areal density vs. bumper material density 
plot over the density range observed.    This function must steepen for 
bumper material densities below those examined since the rear plate 
thickness for zero density bumpers (i. e. no bumper at all) has been 
determined earlier to be 11. 23-11. 35 mm>2'.    Extrapolation of the 
current curve yields a value of 3. 95 mm.    This sharp reduction in bumper 
effectiveness with decreasing material density is of considerable 
importance to the design of practical particle shields for space vehicles. 

Effects of Bumper Material Physical Properties 

The other physical properties of bumper materials besides 
material density and thermodynamic variables should have little or no 
effect upon the formation of the high-energy-content segments of debris 
clouds caused by hypervelocity impacts.    Relatively large fragments 
propelled rearward from impacted bumpers at relatively late times in 
the process may contribute to the overall debris-cloud damage.    The 
formation and launching of these fragments are affected by the strength 
and high strain-rate behavior of the bumper material.    Thus,  it is 
conceivable that variations in the physical properties of the materials 
will control bumper effectiveness.    Both the qualitative and quantitative 
aspects of the high strain-rate behavior of materials vary widely and 
these variations are especially marked between materials with different 
microstructures (i. e. crystalline,  polymer,  amorphous).    Two groups 
of materials representing the principle micro structure groups and 
having as nearly identical densities as feasible were chosen for constant- 
bumper-areal-density evaluations.    The materials in group I have 
densities above 2 gm/cc and should follow the constant-areal-density 
rule while those in group II hare densities well below 2 gm/cc 
placing them in the region where bumper material density affects bumper 
performance.    The results of the bumper microstructure evaluation are 
presented in Figure 1 and Table III.    No effect of material micro- 
structure is observable in these data.    The materials in group I obey 
the constant-areal-density rule within the resolution cf the data.    The 
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shifts in material effectiveness observed among the materials in group II 
can be correlated with the overall dependence of bumper effectiveness £ 
upon material density as shown in Figure 1. 1 

I 

!■ Effects of Optimizing Bumper Thickness f 
Upon Particle Shield Operation | 

I 
Several investigations of spaced particle shields have indicated 1 

that optimum bumper thicknesses exist for particular impact I 
situations'^» '» ->).    Basically,   extremely thin bumpers fail to completely \ 
disrupt incoming pellets or to spread the impact debris over a sufficient 
area for component protection.    Excessive bumper thickness directly J 
reduces overall shield weight effectiveness,  and may increase the \ 
damage potential of the debris clouds by increasing the average size of 
the projected fragments.    Some bumper materials used in the constant- 
areal-density study may appear less effective than they actually could 
be since bumper thicknesses which were not optimum were used. \ 
Therefore,   the effects of bumper optimization must be investigated 
before definite conclusions regarding overall shield effectiveness can 
be drawn. j 

Two criteria are possible for defining optimum bumper thicknesses. 
The first is to minimize the total shield areal density, which has obvious 
engineering significance.    The second,  and closely related criterion 
is that of optimizing the bumper thickness to provide a debris cloud of 
minimal damage potential as defined by the rear plate ballistic limit 
thickness. 

A firing sequence was carried out where the ballistic limit 
thickness of rear plates was determined for each of several thicknesses 
of several different burnpei materials employed in the constant-areal- 
dsnsity study.    Figuie 6 is a plot of rear plate areal density and total 
areal density vs.  bumper plate thickness of 6061-T6 aluminum- bumpers. 
Note that the optimum bumper thickness required to produce a minimum 
total shield areal density is significantly less than that required to 
produce a debris cloud with minii aim destructive potential.    This shift 
between the two optimization criteria arises because rear target areal 
density is reduced to a lesser degree by generating a minimally destruc- 
tive debris cloud than is expended in increasing bumper thickness to 
produce minimally destructive clouds. 1 

Five materials,  paraff;.n,  magnesium,   6061-T6 aluminum,   steel 
and cadmium were chosen as representative of the materials con- 
sidered in the constant-areal-density study for the bumper thickness 
investigation.    Paraffin and magnesium have low enough material 
densities to place them in the density dependent region of the bumper 
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effectiveness plot (Figure 1).   Aluminum and steel are materials that 
obey the constant-areal-density rule and cadmium is a material 
which fails to obey this rule. 

The overall results of the bumper thickness investigation appear 
in Figures 7 and 8.    Detailed plots containing data points for each of 
the curves are presented in Appendix I.    The plot of shield areal density 
vs. bumper areal density shows that none of the materials examined 
have the same optimum bumper areal density as 6061-T6 aluminum (the 
bumper material used as standard for the constant areal density 
investigation) but that all the optimum areal densities are quit«; close to 
that of aluminum.   In the worst case,  steel, a 5% reduction in shield 
areal density would have resulted if the optimum bumper thickness had 
been employed rather than the bumper thickness required to produce the 
arbitrarily-chosen standard areal density.    Thus, no indication exists 
that the use of non-optimum bumper thicknesses are responsible for 
either the qualitative or quantitative aspects of the bumper areal density 
plot presented in Figure 1. 

The results of plotting rear plate areal densities vs. bumper 
densities (Figure 8) show that two distinct types of behavior are present. 
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for Five Representative BumoT Materials 
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Stuel and 6061-T6 aluminum show definite although broad minima 
indicating the existence of optimum thicknesses for producing minimally 
destructive debris clouds.    On the other hand, the destructive potential 
of debris clouds generated by impacted paraffin and cadmium bumpers 
monota&ically decrease with increasing bumper areal density.    The 
available data for magnesium bumpers does not cover a sufficient range 
*o determine its behavior but it appears to be near a transition between 
the two groups. 

IV.    DISCUSSION 

The entropy trapping arguments used to predict the physical 
state of debris clouds behind impacted bumpers and the arguments 
pertaining to debris cloud spreading can be employed to explain most of 
the experimental results discussed above.    The following is a resume 
of the experimental results that must be accounted for by any successful 
analysis of bumper operation.   Many bumper materials with material 
densities greater than 2 gm/cc obey the constant-areal-density rule 
(i. e. bumpers with identical areal densities produce equally destructive 
debris clouds behind them when subjected to identical hypervelocity 
impacts).    Bumper materials with notably high sublimation energies are 
lese effective than the constant-areal-density rule suggests and 
materials with distinctly low sublimation energies are more effective, 
Bnmpers made from materials with densities below 2 gm/cc deviate 
sharply from the constant-areal-density rule.   In this material density 
region, bumper material effectiveness Regenerates rapidly with 
decreasing material density.   Optimum bumper thicknesses exist for 
all materials examined when the areal density of tne complete shield 
(bumper plus rear plate) is employed as the dependent variab1«.    The 
bumper materials fall into two groups, one showing optimum bumper 
thicknesses and one not, when cloud destructive potential (rear plate 
bal?**tic limit thickness) is chosen as the dependent parameter. 
Finally, no change in the destructive potential of debris clouds can be 
traced to the other physical properties of the bumper materials or their 
microstructur e s. 

Operational Hypothesis and Related Observe„^ns 

The following explanation of the experimental results has been 
adopted as a working hypothesis.    The rate of debris cloud divergence 
from the original pellet trajectory and the physical state of the debris 
ckrad material are the most crucial parameters controlling debris cloud 
damage potential.    When both the pellet and bumper materials are 
liquified by impact-induced shock waves,  the constant-areal-density rule 
describes bumper performance.    Similar areal density rules employing 
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different values of bumper efficiency may describe the behavior of 
bumper-pellet systems where the bumper material remains solid or 
vaporizes but where the pellet material is melted.    Bumper materials 
with high sublimation energies used for this study (Ni and Ta) were not 
melted by the impact shock waves.    The rear plates behind these bumpers 
exhibited small-deep craters indicating impact by relatively large, high 
density fragments (see Figure 4).    These fragments are almost certainly 
bumper material.    The low-sublimation-energy bumper materials (Cd 
and Pb) were vaporized by the impact induced shock waves while the pellet 
material was melted.    The resulting debris clouds made up of liquified 
pellet material and vaporized bumper materials were correspondingly 
less destructive (see Figure 3).    Note that both of these effects arising 
from bumper material states are relatively minor.    The maximum 
deviations observed from the constant-areal-density behavior were 25% 
in the region of the plot where bumper density exceeded 2 gm/cc. 
The relative insensitivity of the debris cloud destructiveness to bumper 
material state changes arises from the fact that the energetic bumper 
material makes up a relatively minor fraction of the total debris clouds. 
Almost all the energetic bumper material in the debris cloud comes from 
a cylinder within the bumper whose diameter approximates that of the 
pellet.    Since all bumpers considered have equal mass per unit areas, 
the masses of all these cylinders are approximately equal and contain 
approximately 27% of the total debris of the cloud mass.   Thus, the major 
portion of the debris clouds consists of pellet material which is in the 
same state (molten) in all cases considered. 

Pellet impacts with bumper materials whose density is less than 
2 gm/cc do not produce sufficiently intense shock waves to melt the 
pellet material.    Thus, progressively larger chunks of pellet material 
pass through the bumper and impact the rear plate with progressively 
greater destructive power as bumper densities are reduced since these 
reductions lead to corresponding reductions in peak shock wave pressures. 
The resulting progressive increase in mean crater size on the rear 
plates protected by bumpers with progressively lower densities can be 
observed in Figure 5. 

No direct explanation is available for the qualitative difference 
between the two types of bumper thickness vs. debris cloud destructive 
potential plots (Figure 8).    The difference in cloud destructiveness must 
be due exclusively to bumper materials properties since all other impact 
parameters were held constant.    The variation was observed to correlate 
with whether the bumper material vaporized (Cd, paraffin) or melted 
(Al, Fe), but could also be correlated with gross material strength, and 
a number of other strength-related parameters. 

The only bumper material parameters that were found to affect 
particle shield operation were the density,  fusion energy,  and sublimation 
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energy of the materials.   In particular, wide variations of material 
static strengths,  ductility,  and high strain rate behavior had no 
deeernible effect upon shield performance.    Since bumper operation is 
not affected by bumper material strength and high strain rate para- 
meters, the high energy components of the debris cloud must determine 
it» destructive potential.    Material strength parameters affect the 
components of the debris cloud launched during the later stages of the 
hole growth processes but have no effect upon early-time processes 
where typical pressures are two to three orders of magnitude greater 
than materials strengths. 

Shock Wave Heating Evaluation 

_:...  The most revealing test of the operating hypothesis discussed 
above is to compare the experimental indications of pellet and bumper 
material states in debris cloud? with predictions developed from 
nonrelated experiments and fundamental theory of shock waves in- 
•olids.    The peak pressures generated have been approximated by those 
generated during the impact of two parallel half spaces,  one made from 
pellet material and the other from bumper material.    Arguments 
justifying this approximation are presented in Appendix II.    Local areas 
within a spherical pellet experience pressure augmentation and reduction 
due to shock focusing but their overall effects are insignificant. 
Appendix i   contains a short discussion of the theory and techniques 
required for computing one-dimensional shock pressure.    Necessary 
inputs for these computations are the shock-dynamic equations of state 
for the participating materials and emperical Hugoniot data which for 
many common materials are currently available^*» **'.    These data pi   » 
the techniques presented in Appendix II were used to generate the peak 
pressure vs. bumper material density plot presented in Figure 9.    Note 
that the peak shock wave pressure for aluminum pellets impacting 
various materials   rises   almost monotonically with increasing 
material density.    A monotonically increasing band (shaded area of 
Figure 9) contains all the materials user in this study.    Finally,  note 
the miniscule value for the estimated dy amic shear strength of the 
•-Xumirum pellets.    This strength,  typical of the pressure required to 
d-aform a pellet,  is less than 2. 5% of the lowest peak shock wave 
pressures considered. 

i       9 
I   1 

I   1 

\ 
Appendix II also contains a description of the technique used to 

evaluate the residual heating of materials exposed to shock waves. 
Several sources for this data are currently available but they do not 
agree closely with one another.    This difficulty arises because little 
accurate data concerning the fusion and sublimation energies of materials 
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Figure 9.    Peak Shock Impact Pressure Generated by Aluminum Pellet 
Impact vs. Bumper Material Density.    Shock Pressures 
Were Computed From One-Dimensional Impact Analysis. 

% 

is currently available.    Another smaller effect contributing to the lack 
of agreement between investigators is the lack of accurately determined 
equations of state for the materials used for this study..   Complete 
equations of state are needed to compute the pressure-density profile 
followed by shock compressed material as it returns to zero pressure 
along an isentropic path.    The presently available data concerning shock 
heating of materials used for this study is presented in Table IV.    The 
double values for material melting and vaporization occur because of the 
finite energy required to melt or vaporize material once it has been 
heated to the melting or boiling points.    Figure 10 is a plot of tempera- 
ture vs.  internal energy for a crystalline material extending from the 
solid through the gaseous states.    The relative energies required to 
cause incipient and complete melting,  and vaporization are indicated. 

Table IV also presents the impact velocities of aluminum pellets 
required to melt and vaporize the bumper materials«    Data from this 
table were ased to determine the conditions of pell* ■ and bumper material 
in debris clouds presented in Table I.    Figure 11 ie a replot of rear 
plate ballistic limit thickness vs. bumper density for the constant 
bumper areal density study where the pellet and bumper material states 
in the debris clouds are indicated.    Note the agreement between the 
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INTERNAL ENERGY 

Temperature vs. Internal Energy of an Arbitrary 
Crystalline Material Showing Melting and Vaporization 

operational hypothesis and the experimental results, i.e. (1) materials 
where pellets and bumper melt following a constant-areal-density rule; 
(2) bumper materials that vaporize or fail to melt fall below or above 
the constant-areal-density line, respectively; (3) bumper effectiveness 
drops rapidly with reducing bumper density once peak shock pressures 
fall below those required to melt the aluminum pellets. 

V.    CONCLUSIONS 

The conclusions of this report must be considered in the light of 
current information pertaining to the operation of bumpered particle 
shields.    First,  the shock heating analysis described above appears to 
be a valid description of the phenomena controlling bumpers particle 
shield response to hypervelocity impact.    The constant-areal-density 
rule for predicting bumper performance has been validated at least for 
the cases where both pellet and bumper materials making up the debris 
clouds are liquid.    That absolute shifts occur in bumper effectiveness 
between bumpers whose debris cloud material remains solid,  melt,  or 
vaporize has been substantiated.    Indications are strong that other 
constant-areal-density rules with different values of overall 

21- 

IMIRMMi 



m «M»vy bS^wiHi aivnd «¥3a 

k-r 
Figure 11.    Data Plot for Constant Bumper Areal Density Study Showing 

States of Bumper and Pellet Materials in the Debris Clouds 

-22- 



effectiveness can be established to describe shield operation for cases 
where the shocked bumper material remains solid or is vaporized. 

Changes in the state of pellet material in debris clouds have been 
shown to exert the strongest influence on bumpered shield performance 
of any parameters investigated.    Bumper effectiveness drops rapidly 
with decreasing peak shock wave pressure once these pressures were 
reduced to values below those required to melt the incoming pellet. 
Peak shock wave pressures were controlled by varying bumper 
densities.    It would be of interest to adjust these pressures in the future 
by changing impact velocities.    The arguments concerning pellet material 
state would be strengthened further if the velocity dependence of shifts 
in the minimum bumper density required to achieve compliance with 
constant-areal-density rules could be predicted. 

Finally,  the question of bumpered particle shield behavior when 
incoming pellets are vaporized by bumper impacts is of extreme impor- 
tance.    The question of whether another sharp increase in bumper 
effectiveness occurs when the pellet is vaporized by the impact is still 
open.    Experimental studies of this regime can be accomplished by 
employing pellets made from low-sublimation-energy materials such 
as cadmium,  tin,  zinc, or plastics that can be vaporized by currently- 
attainable shock pressures.    Any significant excursion of these results 
from those obtained when impacting pellets are melted would be of 
extreme practical as well as fundamental significance. 

Many lower velocity meteoroids and man-made pellets will be 
melted by encounters with space vehicle bumpers whereas the higher 
velocity pellets will be vaporized.    Practical bumpered particle shields 
must be capable of withstanding impacts from pellets that will be either 
melted   or  vaporized by the impact-induced  shock wave. 

Future studies will pursue the effects of bumper spacing and 
foam or other energy absorbing fillers on the ballistic limits, 
especially with regard to their modification to the physical state of ..ne 
debris clouds. 
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APPENDIX I 

SUPPORTING DATA 

This appendix consists of a computer printout listing pertinent 
parameters of all AFML gas gun firings whose data were used in this 
investigation (Table V) plus detailed plots of several curves presented 
in the main text showing individual data points (Figures 12-16).   A 
large fraction of the firings were carried out for other purposes but 
were found to be applicable for this investigation.   All the data is 
tabulated in hybrid MKS-CGS units but English engineering units are 
included on some graphical plots as appropriate.    The densities of all 
materials used in this investigation were measured directly.    Note 
that the reported densities deviate from handbook values in several 
instances.   Pellet velocities were measured using a perpendicular-slit 
streak camera system described in a previous report*14'.   All other 
measurement techniques are straightforward. 
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APPENDIX n 

HYDRODYNAMIC CALCULATIONS OF PEAK IMPACT 
PRESSURES BETWEEN PROJECTILES AND BUMPERS 

The impact of two objects at high velocities creates strong 
inward running shock waves in both of them.    The early time charac- 
teristics of the shocks and the materials conditicn behind the shocks 
may be described by hydrodynamic relationships.    Constitutive equation 
parameters of pressure,   shock velocity,  and mass velocity have been 
determined by planar shock experiments for a wide variety of materials. 
The conservation equations describing the shock and material conditions 
at ehe shock boundary are: 

(Conservation of Mass) 
D       D-U 

DU 
P = —TT-  (Conservation of Momentum) 

E-E0 = 1/2P(V0-V) 

(2) 

(3) 

(4) 

where 

D =  shock velocity 

U = material velocity behind the shock 

P = pressure behind the shock 

o» specific volume ahead and behind the shock 

E, o» specific internal energies in those states 

The plot of the locus of states which arise when a material is 
compressed by shock waves of different intensity is called the shock 
adiabat pr Hugoniot of the material.    This Hugoniot may be developed 
from data relating any two of the parameters P,  U,  D,  V,  or V/V0. 
In Figure 17 which is the Hugoniot for aluminum,   shock pressure,  P, 
versus the material velocity,  U were chosen to be plotted because this 
form is useful in computing pressure at a shock boundary when only the 
impact velocity is known.    When two dissimilar materials impact,  the initial 
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Figure 17.   One-Dimensional Shock Impact Pressure of Aluminum 
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shock wave parameters can be determined by solving the two sets of 
conservation eonations simultaneously.    This may be achieved con- 
veniently by utilizing the reflection Hugoniot technique.    Figure 18 
demonstrates this process.    The curves increasing upward to the right 
represents the compression Hugoniots for the bumper materials of 
interest.    The curve running upward tp the left is the Hugoniot for 
aluminum as shown in Figure 17.    The absissa of the aluminum 
Hugoniot has been reversed and its coordinates translated auch that the 
impact velocity of 7 km/sec (typical of those in the experiments) is 
set equal to that material velocity in the pellet when the impact pressure 
is zero.    The bumper material Hugoniot curves with the reversed 
aluminum curve yields the initial interface pressure between aluminum 
and the bumper materials and their respective mass velocities with 
respect to the undisturbed bumper material.    This coordinate reversal 
and translation can be shown to yield a valid solution of the simultaneous 
conservation equations for the aluminum sphere and the bumper 
materials. 

The initial interface pressures for aluminum pellets impacting 
each of the bumper plate materials is presented in Table VI and in 
Figure 9 in the main text.    The rate of decay of these pressures is a 
function of the equation of state of the materials involved and of the 
geometry of the impact.    The reflection technique is strictly valid only 
for planar impacts or for the earliest phases of spherical impacts.    Edge 
rarefractions and shock focusing effects appear during non-planar 
impacts and rapidly modify the pressure profiles as time progresses. 
The pressures shown are the peak pressures actually achieved during 
these impacts.    The amount of residual energy remaining in material 
after passage of a shock wave is dependent upon the total material 
equation-of-state as well as the shock Hugoniot.    Equation (4) is an 
expression of the specific energy in shocked material.    It states that 
this energy is equal to the area under a straight line connecting the 
initial and shocked material condition on a shock pressure vs.  specific 
volume plot (Rayleigh line).    The release wave which returns the material 
to zero pressure is very nearly isentropic.    Its path from the peak 
pressure to zero pressure can be computed from a complete material 
equation-of-state by employing the constraint that the entropy of the 
material in the shocked state be conserved.    The area under the 
isentrope from peak pressure to zero pressure represents the energy 
yielded up by the material to the ongoing shock waves.    The residual 
energy trapped in the material is the differences between the total 
energy of the shocked material and that transferred out of the material 
by expansion or the differences between the two areas described above 
(see Figure 19).    This energy appear« as heat in previously shocked 
material.    A computational technique for carrying out residual heat 
computations using a Fortran IV language computer program is described 
in Reference 15, 

39- 



S^^^Si iipij.i>.ip, WHJpipwpgPWpwWP^8B^ j^SpW^^BWKSSPJpPPilljWWWPBB 

-.tS'jRÄfW BBS   "    ——— 

-REVERSE HU60NI0T 
FOR ALUMINUM 

NOTE:- 
Cum intersection  pressures 
ore those generated during im- 
pacts with aluminum pellets 
moving at 7km/ *sc. 

GlassiSiO«) 

Teflon 

HtO,Polvethylene 

2 -S . 4 

Up ifcm/ite) 

Fifearf^iS,   l^sfc^^Mwe-Pftx^cl* Veloc&f Hot» f«r ih# Bumper 
... , ,! £| „-;; _. Ma$f rips y#*4 ift ^^pi Steady,   tlw Herfieree ffugoniot 

,.H;.;. <t, „;f*.v       T«ctatef# £»* Ö«*#paNW»g Impact Ihrtw»«:?« Durism 
Impact* '"With. Alumtawr» Pellet» i» Demonstrated. 



KBDmWM« 

■WWmS&WII@Kl 

Hi 
« 
D 

£ 

AREA REPRESENTING 
ENERGY IN COMPRESSED 
MATERIAL 

AREA REPRESENTING 
ENERGY RELEASED BY 
MATERIAL DURING 
EXPANSION 

RAYLEIGH LINE 

RELEASE ISENTROPE 

SHOCK ADIABAT 
(KUGONIOT) 

SPECIFIC VOLUME 

'igure 19. Shock Pressure-Specific Volume Plot for an Arbitrary 
Material Showing Hugoaiot, Release Adi&bat, R&yleigh 
Line, Energy Inserted During Shock Compre»aion and 
Energy P,ejea«ed by Material Expansion 

-41- 

-.- 



MMH ———I 

TABLE VI 

Shock Pressures Induced in Bumper Materials 
When Impacted by Aluminum Pellets Traveling at 7. 0 km/sec 
'.Pressures Calculated Using One-Dimensional Approximation) 

m 

■ 

apipaBawpB. ix i  IM rasas 

Material Density 
gm/cc 

I. D. Impact 
Pressure 

Mb 

Paraffin .84 

Polyethylene .92 .44 

Water 1.00 .44 

Mg-Li (alloy) 1.37 .62 

Magnesium 1.76 .70 

Tefloa 2.31 .76 

Glass 2.19 .84 

Aluminum (6061) 2.67 .965 

Titanium 4.46 1.14 

Cadmium 8, 26 1.41 

Steel 7.65 1.46 

Lead 10.82 1.46 

Gepjper *? 8.78 1.49 

Ulckel 8.73 1.53 

T&ai&ium 16.64 1.73 
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